The short-chain dehydrogenases (SDR) 
INTRODUCTION
Dehydrogenases/reductases are enzymes found across a wide range of organisms, where they perform a broad spectrum of metabolic functions. A classification of short-chain (SDR), medium-chain (MDR), and long-chain dehydrogenase/reductases (LDR) has been described based on molecular size, sequence motifs, mechanistic features, and structural analysis (Kavanagh et al., 2008; Persson et al., 2009 ). Common to all three types of oxidoreductases is the occurrence of a Rossmann-fold dinucleotide cofactor motif composed of a central, twisted parallel β-sheet consisting of six to seven β-strands, which are flanked by three to four α-helices from each side (Kavanagh et al., 2008) . The three oxidoreductases families share the ability to interconvert substrates containing hydroxyl/ketone groups, but show distinct chemical mechanisms based on well-defined distinct sequence motifs and domains organizations.
The SDR constitutes one the oldest and largest families of enzymes with over 46,000 members in sequence databases. About 25% of all known dehydrogenases belong to the SDR family. This family is present in archaea, bacteria, and eukaryota, emphasizing their versatility and fundamental importance for metabolic processes (Jörnvall et al., 1999; Kallberg and Persson, 2006; Persson et al., 2009) . SDR enzymes have critical roles in lipid, amino acid (AA), carbohydrate, hormone, and xenobiotic metabolism as well as in redox sensor mechanisms (Kavanagh et al., 2008) . The typical SDR architecture displays one-domain architecture with 250 AA length and the substrate-binding site located in a highly variable carboxyl-terminal region (Kavanagh et al., 2008) .
The best characterized insect SDRs are the alcohol dehydrogenases from Drosophila (Sullivan et al., 1990; Heinstra, 1993; Ashburner, 1998; Atrian et al., 1998; Benach et al., 1998 Benach et al., , 1999 . Two additional groups have been described: (1) a cluster of six Drosophila SDRs involved in retinoid metabolism (Belyaeva et al., 2009) and (2) Jingwei, a newly evolved SDR gene present only in Drosophila teissieri and Drosophila yakuba, which is able to oxidize ethanol and long-chain alcohols, as well as farnesol and geraniol (Zhang et al., 2004) . Recently, Mayoral et al. (2009a) described a NADP + -dependent SDR (AaSDR1) that efficiently oxidizes farnesol into farnesal in the corpora allata (CA) of the mosquito Aedes aegypti. While the substrate specificity and the biochemistry properties of this enzyme were studied, nothing was known about the additional seven members of a cluster of closed related enzymes.
In the present work, we performed a biochemical and computational modeling characterization of a cluster of eight A. aegypti SDRs (AaSDRs). The eight AaSDRS are NADP + -dependent, have specific S-enantioselectivity, and catalyze secondary alcohols with 8-15 carbons; but had diverse substrate specificity. AaSDR1 was the only protein that was able to process isoprenoid alcohols. A structural characterization of AaSDR1, AaSDR4, and AaSDR9 was performed by homology modeling using human SDR as template. The computational study helped to explain the selectivity toward the (10S)-isomers as well as the lower activity of AaSDR4 and AaSDR9 for longer isoprenoid substrates. The current r Archives of Insect Biochemistry and Physiology, February 2013 study contributes to the understanding of the structure, expression pattern, biochemical properties, and catalytic mode of action of the members of this AaSDRs group.
MATERIALS AND METHODS

Chemicals
(E,E)-farnesol, (Z,Z)-farnesol, (E,E,E)-geranylgeraniol were purchased from Echelon (Salt Lake City, UT). Nerol, citronellol, 1-dodecanol, 2-dodecanol, 2-decanol, R-2-octanol, S-2-butanol, R-2-butanol were purchased from Acros Organics (Fair Lawn, NJ). Geraniol was purchased from Sigma Aldrich (St. Louis, MO). 2-Butanol was purchased from MP Biomedicals (Santa Ana, CA). 2-Octanol was purchased from Alfa Aesar (Ward Hill, MA).
Insects
Aedes aegypti of the Rockefeller strain were reared at 28
• C and 80% relative humidity under a photoperiod of 16-h light:8-h dark. Female adults were offered a cotton pad soaked in sucrose 3% solution. We will refer to the cotton wool pad sucrose-fed females as "sugar-fed."
AaSDR Identification, Expression, and Characterization
AaSDR1 was originally isolated as an expressed sequence tag (EST) from an A. aegypti CA + corpora cardiaca library, constructed and sequenced as previously described (Noriega et al., 2006) . The AaSDR1 EST sequence was queried against the A. aegypti database at VectorBase (Lawson et al., 2009) ; it revealed seven additional SDRs with degrees of similarity of 50% or more (AaSDR2: AAEL017320, AaSDR3: AAEL007669, AaSDR4: AAEL017452, AaSDR5: AAEL001461, AaSDR7: AAEL017179, AaSDR8: AAEL010677 and AaSDR9: AAEL010075). The eight A. aegypti SDRs cDNAs were PCR-amplified, sequenced, and their coding region were cloned into the expression vector pET28a(+) (Novagen, Gibbstown, NJ). Escherichia coli strain BL21 (DE3) were transformed with the constructs and expressed as previously described (Mayoral et al., 2009a) . Recombinant His-tagged proteins were purified using HisPur TM Cobalt Spin Columns (Pierce, Rockford, IL) as previously described by Mayoral et al. (2009b) .
RNA Extraction and PCR for Expression Analysis
Total RNA was isolated from mosquitoes or tissues using RNA-binding glass powder as previously described (Noriega and Wells, 1993) . Contaminating genomic DNA was removed using the DNA-free TM kit (Ambion, Austin, TX). Reverse transcription was carried out using the Reverse-iT TM First Strand Synthesis Kit (ABgene, Epsom, UK). PCR was done using GoTaq R Flexi DNA Polymerase (Promega, Madison, WI) using 1 μL of cDNA template in 20 μL reactions. Ten microliters was loaded in 1% agarose gels. Ribosomal protein L32 was used as loading control after normalization using quantitative real-time PCR. Real-time PCR was performed with a 7300 Real-Time PCR System using TaqMan r 99
Enzyme Assays
The enzymatic activities of the recombinant AaSDRs were analyzed using an spectrophotometric assay based on the different optical properties at 340 nm of nicotinamide adenine dinucleotide phosphate (NADP + ) and its reduced form (NADPH), as described by Mayoral et al. (2009a) . The effect of pH on the activity of the AaSDRs was determined using Stauffer's Buffer (Stauffer, 1989) ranging from 5.0 to 11.0 and 2-decanol as substrate. The analysis of the effect of metal salts, inhibitors, and reducing reagent was performed with and without a preincubation time. When a preincubation time was included in the protocol, enzyme and inhibitor/stimulator were incubated in half of the total reaction volume for 15 min at room temperature (RT) and afterwards the reaction was started with the addition of the rest of the reagents. Control reaction mixtures included the enzymes incubated in the same condition as the treatments but in the absence of any inhibitors/stimulator and results are expressed as percentages of the control values. Reactions were run in triplicate or quadruplicate and three to five independent experiments were carried out for each treatment.
Modeling of AaSDR1, AaSDR4, and AaSDR9
The molecular models of AaSDR1, AaSDR4, and AaSDR9 were built by homology modeling using Modeller9v8 (Sali and Blundell, 1993; Eswar et al., 2008) and the crystal structure of human SDR (uniprot-Q6UWP2; PDB ID: 1XG5). Assessments of the reliability of the models were carried out using PHYRE (Kelley and Stenberg, 2009 ) and WHAT CHECK (Hooft et al., 1996) as previously described (Defelipe et al., 2011) . Structural alignment and visualization were done with the program VMD (Eargle et al., 2006; Humphrey et al., 1996) . Images were rendered with Tachyon (Stone, 1998) .
Docking Experiments
Docking simulations were carried out using the program Autodock4 (Morris et al., 2009) . We used the Lamarckian genetic algorithm for the conformational searches. The following parameters were used for all the simulations: a population size of 300 individuals, 7.5 million energy evaluations, mutation rates of 0.02, crossover rate of 0.8, and an elitism value of 1. For each ligand, 250 independent docking runs were performed and results differing by less than 0.5Å were clustered together. To validate our docking protocol, NADP + was removed from the model and docked again. Afterwards, with NADP + located in the active site, we performed the docking of the substrates (E,E)-farnesol, (Z,Z)-farnesol, (2S)-octanol, and (2R)-octanol. To reduce conformational heterogeneity, proteins were kept rigid throughout these runs and docking experiments were performed with an added potential of 1 kcal/molÅ on the alcohol oxygen atom in the position expected for catalysis.
Phylogenetic Analysis
SDR sequences were obtained from GenBank and VectorBase databases and used for the alignments and phylogenetic analysis using Phylogeny.fr as previously described (Mayoral et al., 2009a) . 
Statistical Analysis
Statistical analysis of the data was performed by t-test using GraphPad Prism version 3.00 for Windows (GraphPad Software, San Diego, CA). The results were expressed as mean ± SD and considered significantly different at P < 0.05.
RESULTS
Insect's SDR Clusters
A group of eight SDRs that shared at least 50% similarity were found in the A. aegypti genome. Important residues that characterize them as members of one of the three NADPH-dependent subfamilies, the cP2 SDR subfamily (Kallberg et al., 2002) , were well conserved ( Fig. 1) . The glycine-rich TGxxxGxG motif essential for coenzyme binding was present in every insect's SDRs analyzed. Sequence alignments and structural models helped to identify several critical residues: (1) Ala 92 , Thr 197 , Gly 193 , and Pro 192 are involved in interactions with the cofactor NADP + and (2) Ser 145 , Tyr 160 , and Lys 164 are members of the catalytic triad ( Fig. 1) .
Similar clusters of related SDRs were detected in other species of Diptera; 10 sequences in Culex pipiens, six SDRs in the Anopheles gambiae genome, and six Drosophila melanogaster SDRs (Fig. 2) . Related SDR clusters were also found in Coleoptera (seven Tribolium castaneum genes) and Hemiptera (three Acyrthosiphon pisum SDRs). On the contrary, only one ortholog was found for Nasonia vitripennis, Apis mellifera, and Pediculus humanus (Fig. 2) . To further understand the evolution of these SDRs clusters, we analyzed the presence and distribution of introns. All insect SDRs examined share an intron in the same position ( Supplementary Fig. 1 ), between the well-conserved AAs Thr 188 and Ser 189 ( Fig. 1 ). This conserved intron position suggests that all the SDRs included in our study originally evolved from a single ancestor, duplicated and diversified independently from each other. Among dipterans, three genes had a second intron (one in Aedes, Culex, and Drosophila) and their positions are also well conserved ( Supplementary Fig. 1 ). SDR genes in Coleoptera and Hemiptera also have this second intron in exactly the same location. In addition, all the species of Tribolium had a third intron.
In A. gambiae, the six SDR genes cluster together in the chromosome region 2L; in D. melanogaster, six genes are also clustered in the same chromosome region. The sequences of C. pipiens group into two clusters. One contains six paralogs and the other contains five, suggesting that the group with five paralogs aroused out of a duplication-inversion event of the original cluster ( Supplementary Fig. 1 ).
AaSDR Developmental Expression and Tissue Specificity
There were distinct differences in the expression of the eight AaSDRs during the mosquito life cycle (Table 1) . Most AaSDRs showed the highest overall expression in adults; the exceptions were AaSDR4 that was expressed only in the larvae and AaSDR5 that was not transcribed at any stage and consequently was not further studied.
AaSDR1, AaSDR2, and AaSDR9 were the SDRs with highest levels of expression in the adult female mosquito (Fig. 3 ). AaSDR1 and AaSDR9 were highly expressed in midgut, fat body, and brain, with lower expression in Malpighian tubules and ovaries. AaSDR7 had a strong and specific expression in the ovaries. AaSDR9, AaSDR1, AaSDR7, and AaSDR4 
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PCR-based screening of the expression of AaSDR RNAs at different life stages; n.d., not detected; +, relative amount.. a Only detected in the accessory glands of the adult male.
Figure 3. Tissue-specific expression of AaSRDs mRNA in adult mosquitoes. PCR amplification of AaSRDs mRNA from adult tissues. All tissues were dissected from 3-day-old sugar-fed female mosquitoes; except for the testis, dissected from 3-day-old sugar-fed males. MG: midgut, FB: fat body, MT: Malpigian tubules, OV: ovaries, Br: brain. Ts: testis. Ribosomal protein L32 was used as loading control (RL32).
were expressed in the testes. We detected the presence of AaSDR1, AaSDR8, and AaSDR9 transcripts in the CA, but only AaSDR1 and AaSDR9 had relatively high level of expression, and only AaSDR1 increased its expression in the CA from 0 to 24 h after emergence, in synchrony with the synthesis of juvenile hormone (JH) in this gland ( Supplementary  Fig. 2 ).
Biochemical Characterization of the AaSDR Cluster
The calculated molecular mass size of the recombinant AaSDR monomers ranged from 28.5 to 29.6 kDa (including the His-tag). AaSDR2 and AaSDR8 presented additional forms, suggesting they aggregate as dimers and multimers ( Supplementary Fig. 3 ). The presence of recombinant monomers and multimers was confirmed using an anti-His-tag antibody ( Supplementary Fig. 3 ). The enzymatic activity of all the AaSDRs increased on alkalinity conditions, reaching an optimum at pH 10.0 (Fig. 4) . The substrate specificities 
Values are moles of substrate processed per mole of enzyme per minute.
of the AaSDR cluster members were studied testing several types of alcohols (isoprenoids, primary or secondary alcohols) with different chain lengths. The levels of activity and substrate specificities of the seven AaSDR enzymes were different (Table 2) . AaSDR1, AaSDR2, and AaSDR9 were the most active enzymes, efficiently processing alcohols ranging from 8 to 15 carbons, with higher catalytic activity on alcohols with 10-12 carbons. In addition, AaSDR1 effectively oxidized isoprenoid alcohols; AaSDR2 and AaSDR9 also oxidized farnesol and nerol, but at approximately 10 times lower rate than AaSDR1. With relatively low efficiency, AaSDR3, AaSDR4, AaSDR7, and AaSDR8 also showed preference for alcohols with 8-15 carbons. Independent of the chain length, most SDRs analyzed had strong preference for the secondary aliphatic alcohols; for example, AaSDR9 was 70-fold more active on 2-dodecanol than 1-dodecanol; and 50-fold more active on 2-octanol than 1-octanol. Similar results were obtained for additional members of the AaSDR r 105 S-2-Octanol 156.2 ± 1.7 28.8 ± 0.5 2.8 ± 0.9 7.6 ± 1.4 2.8 ± 0.0 n.d. 80.5 ± 0.6 R-2-Octanol 9.1 ± 0.8 2.9 ± 0.1
Values are moles of substrate processed per mole of enzyme per minute. cluster. The AaSDRs with higher enzymatic activities had a clear enantio-specificity for the S-forms when 2-octanol and 2-butanol were used as substrates (Table 3) . We also evaluated the effect on the activity of AaSDR1 and AaSDR8 of the alkylating agent iodoacetamide, metal salts such as ZnCl 2 , CuCl 2 , and MgCl 2 , chelating agents such as EDTA, and reducing agents such as β-mercaptoethanol and dithiothreitol (DTT ;  Table 4 ). Overall, CuCl 2 and ZnCl 2 had strong inhibitory effects, while addition of DDT increased enzymatic activity (Table 4) . When we preincubated these enzymes with the inhibitors/stimulators for 15 min at RT prior the assay, their effects were similar but more accentuated than when no preincubation step was included (Table 5) .
Modeling AaSDR Structures and Docking of Potential Substrates
The AaSDR1 structure obtained by homology modeling had the typical Rossmann-fold motif of oxireductases composed by a central twisted parallel β-sheet of seven β-strands flanked by three α-helices on each side ( Supplementary Fig. 4) . In order to characterize the active site, NADP + and (E,E)-farnesol were docked into the apo-structure of AaSDR1. We identified hydrogen bonds between the protein and the ligand (hydrogen donor groups were between 4Å of hydrogen acceptor groups and the angle between the hydrogen and the heavy atoms was 180 • ± 30 • ). NADP + -protein interactions are provided by three specific hydrogen bonds: one between the Thr 197 alcohol group and the carbonyl oxygen of the nicotinamide ring, the second is formed between the amide group of the nicotinamide ring and the carbonyl oxygen of Gly 193 , and the third is formed between Ala 92 and one of the alcohol groups of the sugar. In addition, Pro 192 contributes to the placement of NADP + inside the active site by interacting with the nicotinamide ring ( Supplementary Fig. 5 ).
The catalytic activity of AaSDR1 includes the deprotonation of the alcohol group of the substrate and the subsequent abstraction of a hydride from the carbonyl carbon that is transferred to the NADP + cofactor producing NADPH and the oxidized product. In the case of AaSDRs, we propose that a negative-charged Tyr 160 is involved in the abstraction of the proton from the donor alcohol (Fig. 5) . The positively charged Lys 164 is essential to stabilize the negative Tyr 160 (Fig. 6) . The last component of the catalytic triad is Ser 145 that forms a hydrogen bond with the oxygen of the alcohol group of the substrate to be oxidized (Figs. 5 and 6) .
The high stereoselectivity of AaSDR1 for S-2-octanol could be explained using our 3D-model (Fig. 7) . When the 2S-conformer is docked in the active site, the hydride donor carbon is positioned in a conformation were the hydrogen atom can be transferred to the nicotinamide ring of NADP + and the long aliphatic chain of octanol is correctly docked in the hydrophobic pocket of the protein. However, when the 2R-conformer is docked in the active site, the hydrogen atom cannot be positioned in a suitable conformation for catalysis if the aliphatic chain goes inside the hydrophobic pocket; this may explain the reduced catalytic activity for the 2R-isomer (Fig. 7) .
In order to understand the biochemical behavior observed among the different proteins of the AaSDR cluster, we also modeled the structures of AaSDR4 and AaSDR9. Structural alignment of the three models showed that the overall fold is well conserved among the three AaSDRs (Supplementary Fig. 6 ). However, AaSDR1 had a large active site able to accommodate (E,E)-farnesol, the other 2 enzymes had smaller pockets that may not be able to accommodate long-chain substrates such as (E,E)-farnesol (Fig. 8) . We also observed that cysteines Cys 63 and Cys 123, which are well conserved in all the AaSDR, were close enough to form a disulfide bond in the proximity of the active site ( Supplementary  Fig. 7 ). 
DISCUSSION
Evolution of an Insect SDR Cluster
SDR enzymes have critical roles in lipid, AA, carbohydrate, hormone, and xenobiotic metabolism as well as in redox sensor mechanisms (Kavanagh et al., 2008) . A PositionSpecific Itinerated Blast (PSI-Blast) analysis revealed orthologs to members of the AaSDRs cluster among diverse taxa (Supplementary Fig. 8 ). The biological functions of most of the members of these clusters of enzymes are not defined or experimentally confirmed. That makes it difficult to determine an ancestral gene from which the AaSDRs cluster of enzymes could have been originated. Similar clusters of cP2 SDRs were found in a diverse group of insects and in most cases paralogs for each species had higher sequence similarity with each other than when compared with ortholog SDRs in other insect species (Fig. 2) . This indicates that these SDR gene duplications and diversifications occurred independently and frequently during insect evolution and suggest that some physiological advantage is associated with these duplication events. 
Structural and Biochemical Properties of the AaSDRs
Critical motifs important for coenzyme binding and catalysis were well conserved in every insect SDRs analyzed. Previous studies suggest that the Tyr 160 acts as the catalytic base, whereas Ser 145 stabilizes the substrate and Lys 164 interacts with the nicotinamide ribose and decreases the pKa of the Tyr-OH moiety (Oppermann et al., 2003) . The optimal pH for all AaSDRs was close to 10.0, consistent with the notion that an ionized Tyr 160 (pKa = 10) is involved in catalysis. Similar pH dependence has been observed in other enzymes of the group (Winberg et al., 1986; Zhang et al., 2010) . Oppermann et al. (2003) suggested that the Asn 116 is also part of the SDR's active site, forming a tetrad with the three residues already described. Asn 116 is conserved among all AaSRDs, as well as in 45 of 46 SDR sequences analyzed in the present study. The Drosophila ADH structure revealed interactions of this conserved Asn 116 residue with the active site Lys 164 via a water molecule (Benach et al., 1998) . The essential role of this residue was also established by mutational and structural analysis using bacterial 3B/17B/-HSD as a model system (Filling et al., 2002) . In our comparative models, Asn 115 could be interacting directly or water mediated with Lys 164 , emphasizing the idea of a catalytic role for this residue. Cysteines Cys 63 and Cys 123 are well conserved in all the AaSDRs, as well as in all the insect SDRs analyzed. Their thiol groups are facing each other indicating that they could form a disulfide bond. Due to their proximity to the catalytic pocket, they could play an important role in the stabilization of the pocket. Iodoacetamide, which binds covalently to the thiol group of cysteines, causes a significant inhibition of AaSDRs activities; suggesting that these cysteine residues are important for optimal enzyme catalysis. A similar inhibitory effect was observed on a SDR from Sulfolobus acidocaldarius (Pennacchio et al., 2010) . We also noticed a positive correlation between the number of cysteines on AaSDR1 and AaSDR8 (2 vs. 4 ) and the increasing effect of DTT on enzymatic activities. The structural models could not predict the formation of a second disulfide bond with another pair of cysteines since they are located in opposite sides of the protein, facing the solvent. Most SDRs have been described as dimers or tetramers (Jörnvall et al., 1995) . SDRs dimerization interfaces have been described across two perpendicular twofold axes, involving a four-helix bundle and a β-sheet that extends across two subunits (Kavanagh et al., 2008) . The additional thiol groups present in AaSDR8 (two extra Cys) and AaSDR2 (one extra Cys) might be involved in a dimerization process and could explain the higher propensity of AaSDR8 and AaSDR2 to aggregate. The enzymatic activity of AaSDR8 was stimulated by the addition of a relatively low amount of DTT or mercaptoethanol, suggesting a dissociation of inactive multimers or the disruption of protein aggregation.
SDRs are not recognized to be metal dependent enzymes; however, the Lactobacillus brevis cP2 alcohol dehydrogenase exhibited a strong Mg 2+ dependency (Niefind et al., 2003; Pennacchio et al., 2010) . The crystallographic analysis revealed that each tetramer contains two magnesium ions, although the metal was not considered a direct catalytic cofactor (Niefind et al., 2003) . We found only a moderate effect of Zn +2 and Cu +2 on AaSDRs activities; this mild effect, together with the inhibition by iodoacetamide, suggests that these compounds could be reacting with the -SH groups of cysteines and ultimately affecting the tertiary and quaternary structure of the protein. Similar inhibitory/stimulatory results were reported on the activity of the 7α-hydroxysteroid dehydrogenase of E. coli (Prabha et al., 1989) , as well as on the tetrameric NAD(H)-dependent dehydrogenase from S. acidocaldarius (Pennacchio et al., 2010) . Additional studies will be necessary to confirm and further understand the effect of metal ions on SDR activities. r 111
SDRs Functions in Insects
The Drosophila alcohol dehydrogenase (DADH) is the most extensively studied SDR group in insects. DADHs cannot process long-chain alcohols and show preference for short alcohols such as ethanol. In contrast, our studies revealed that all AaSDRs have a strong preference for long-chain secondary alcohols over short-chain primary alcohols, with none of the enzymes accepting ethanol as a substrate. Stereospecificity assays revealed that AaSDRs have strong preference for S-isomers. These results support the hypothesis that SDRs enzymes are pro-S, whereas the metal dependent medium-chain ADH are pro-R (Schneider-Bernlohr et al., 1986) . Structural studies on alcohol dehydrogenases from Saccharomyces cerevisiae and L. brevis described that the stereoselectivity of the reaction center had no correlation with the presence/absence of metal, the use of NADH or NADPH as cofactor or the size of the substrate that can be accepted (Kwiecien et al., 2009 ). The stereoselectivity is probably defined by the geometry of the active site (Kwiecien et al., 2009 ). In the docking and molecular structure studies we found that the S-conformation allowed interactions with the 2C of the substrate and permit transference of hydrogen to the nicotinamide ring of NADP + ; in contrast the hydrogen in the R-substrate is facing the opposite direction and prevents the interaction with the NADP + ring. DADH oxidizes alcohols to aldehyde/ketones, both for detoxification and for metabolic purposes. A small number of alcohol dehydrogenases closely related to DADH have been studied in Sarcophaga peregrina (Matsumoto et al., 1985; Horio et al., 1996) , Ceratitis capitata and Bactrocera oleae (Brogna et al., 2001) . It has been hypothesized that DADH has evolved as an adaptation to Drosophila feeding behavior and the use of fermenting substrates as breeding sites (Geer et al., 1985; Lachaise et al., 1988; Ashburner, 1998) . However, while Sarcophaga fed excrement, decaying vegetable or animal matter and does not live in ethanol-rich environments, the pattern of expression of ADH is almost identical to that of the DADH gene (Horio et al., 1996) .
In situ distribution studies of the alcohol dehydrogenase in Drosophila larvae showed strong expression in fat body and alimentary tract. In the oxidation of ethanol, NAD + is needed to generate acetaldehyde and NADH. The ADH enzyme is involved in the in vivo conversion of the acetaldehyde into acetate in larvae, whereas the aldehyde dehydrogenase enzyme is responsible for this conversion in adults (Heinstra, 1993) . AaSDRs and DADH sequence similarities were below 20%, suggesting these two groups of SDRs diverged long time ago and evolved separately under different selective pressures. AaSDRs have a more complex expression pattern than the DADH; each enzyme of the cluster had a different pattern of expression suggesting that they evolved to have different function in different tissues. Alcohol dehydrogenases are known for being specific to a narrow range of small substrates (Sofer and Ursprung, 1968) ; in contrast, AaSDRs oxidized 8-12 carbon secondary alcohols, with preference for 10 carbon alcohols. In addition to these substrates, AaSDR1 efficiently processed isoprenoid substrates and plays a role in JH synthesis; the functions in other tissues other than the CA are presently unknown and need further studies.
An enzyme with similar substrate specificity to AaSDR1 has been recently reported; Jingwei is a chimeric gene that appeared 2.5 million years ago in the common ancestor of two African Drosophila species, D. yakuva and D. teissieri (Zhang et al., 2004 (Zhang et al., , 2010 . Jingwei efficiently utilizes long-chain primary and secondary alcohols (including geraniol and farnesol). It is remarkable that while AaSDR1 and Jingwei have the capability of using farnesol or geraniol as substrate, the similarity between them at the AA level is only 15%. However, while Jingwei can still process ethanol and primary alcohols (Zhang et al., 2004) , AaSDRs have lost the ability to process short alcohols such as ethanol.
AaSDRs and JH Synthesis
JHs are key hormones involved in the regulation of insect development and reproduction (Goodman and Granger, 2005) . The early steps of JH III biosynthesis follow the mevalonate pathway to form farnesyl pyrophosphate (FPP) (Bellés et al., 2005) . During the late steps, FPP is transformed sequentially to farnesol, farnesal, farnesoic acid, methyl farneosate, and JH III (Bellés et al., 2005) . Mayoral et al. (2009a) reported the identification of AaSDR1 in the CA of mosquitoes as a putative candidate for the oxidation of farnesol into farnesal in the JH synthesis pathway. In this work, we further characterized the whole AaSDRs cluster and tested if any additional cluster member could play a role on JH synthesis. Only AaSDR1 and AaSDR9 are highly expressed in the CA 24 h after adult eclosion during the peak of JH synthesis (Li et al., 2003) . While AaSDR8 is transcribed in low levels, the other members of the cluster are not expressed in the CA at this critical time. The expression pattern of AaSDR1 mRNA during the mosquito development also correlates well with the rates of JH synthesis in mosquitoes (Mayoral et al., 2009a) . After testing all the AaSDRs against a broad range of substrates, only AaSDR1 was able to efficiently oxidize (E,E)-farnesol, the natural precursor of JH. The simulated docking scores for (E,E)-farnesol were significantly better (K binding = 38.76 μM) than those for (Z,Z)-farnesol (K binding = 88.91 μM). AaSDR9 and AaSDR2 had slight preference for the (Z) isomers. The general structure and folds of the three protein models were similar, although there were differences in the flexible parts. The active site volume of AaSDR1 was significantly larger than those of the other two AaSDRs, Those differences could be explained by a smaller catalytic pocket in AaSDR4 and AaSDR9 created by several changes: the change of Leu 201 for a Phe in AeSDR9, the change of Val 194 for a Met in AaSDR4 and the substitution of Ser 158 for a Leu in AaSDR4 and a Tyr in AaSDR9. These changes might explain why AaSDR1 is able to accommodate (E,E)-farnesol, while AaSDR4 and AaSDR9 would have more trouble fitting the long isoprenoid chain.
In summary, we identified a cluster of eight closely related cP2 AaSDRs in mosquitoes. They are all NADP+-dependent enzymes with S-enantioselectivity and preference for secondary alcohols with 8-15 carbons. Members of the cluster differ on tissue specificity and developmental expression. Molecular, biochemical and modeling studies support the hypothesis that AaSDR1 is the only member of the cluster involved in JH synthesis in the CA of mosquitoes. Our studies provide insight into the structural features that influence the catalytic flexibility of different short-chain dehydrogenases.
